Abstmt-The ultrasonic sensitivity of single-mode fibers has been
INTRODUCTION n2 T H E PRESSURE sensitivity of the phase of light prop-
&*/$ = -y (P12e1 + P l l d (2) 1 agating in a single-mode fiber has been considered in detail by a number of authors [ 11- [4] interested in the development of fiber interferometric acoustic sensors. Most of this work has been carried out for static pressures or low acoustic frequencies where the acoustic wavelength is much larger than any sensing fiber dimension. In this low frequency limit, the acoustic response is controlled largely in terms of the induced principal strains e , and e2 in the core of the fiber. Here, P, are the elastooptic coefficients and n is the refractive index in the fiber core. For low frequencies where the fiber remains isotropic, e , = e2 and = A $ l . From (1) and (2) the induced normalized birefringence can be obtained [ 9 ] :
by the axial strain in the fiber core. Compressible plastic jackets cause dramatic increases in the axial strain resulting in high acoustic sensitivities [4] , while high modulus coating materials, such as metals, reduce significantly the axial strain and, thus, the fiber sensitivity [ 5 ] .
In the high frequency regime, the fiber acoustic response is controlled primarily by radial strains since inertial effects do not permit a net axial strain contribution. For acoustic wavelengths much larger than the fiber diameter, the fiber modulation remains isotropic [ 6 ] , while for acoustic wavelengths of the same order or smaller than the fiber diameter, the fiber modulation becomes anisotropic [ 7 ] , [8] . In the isotropic regime the analysis has shown that the ultrasonic sensitivity is substantially desensitized in fibers having a soft inner coating, such as silicone, and a hard outer coating, such as Ni [6] .
In order to verify experimentally the predicted desensitizations, fibers with a soft inner jacket (silicone) were coated with Ni of different thicknesses. The ultrasonic sensitivity of these fibers was found to be substantially reduced, in agreement with the analysis. In addition, the analysis was also extended to the anisotropic regime. Significant desensitization was found over a limited frequency range. However, we found that this range can be extended to higher frequencies by decreasing the thickness of the polymer coatings. 
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In order to calculate the phase changes and the induced birefringence (see (1)-(3)), the strains e l and e2 are calculated form the strain-stress-displacement relationships and the appropriate boundary conditions. First, the principal strains e , and e2 are expressed in terms of the strains err, eso, and erO in cylindrical coordinates [SI:
and The strains can be obtained from the displacements as follows :
The stresses are related to the displacements through the following relations [ 101 :
U.S. government work not protected by U.S. copyright where i and j are r , 8 , and z and X and p are the Lam6 parameters [9] .which are related to the Young's modulus E and Poisson's ratio u as follows:
The displacements involved in (6) and (7) are obtained from the displacement wave equation [ 9 ] , [ l l ] ei = + -i; x qi (9) where Uj is the displacement vector in the i layer of a fiber, and +i and $i are the scalar and vector potentials, respectively. The solutions of the scalar and vector potentials are
where K, and K, are the compressional and shear wavenumbers in the fiber, and Jn and Yn are the Bessel functions of the first and second kind, respectively. The unknown coefficients A;, BL, Ck, and D l are calculated from the boundary conditions which ensure continuity of the normal and tangential stresses and displacements across the interfaces of the fiber layers [7] . Details of the analysis will be published elsewhere [13] . n=O 
RESULTS AND DISCUSSION
In the high frequency regime considered here, inertial effects do not permit a net axial strain contribution, and the fiber acoustic response is controlled primarily by radial strains. For acoustic wavelengths much larger than the fiber diameter where the fiber modulation remains isotropic, analysis has shown that the ultrasonic sensitivity is significantly desensitized in fibers having a soft inner coating and an hard outer coating [6] . A simplified explanation of this desensitization can be given as follows: a pressure applied to the fiber will produce a small radial strain on the hard outer coating due to its high Young's modulus. As the outer jacket moves inward, a small radial strain is developed in the soft inner coating. However, because of the low Young's modulus of the inner coating, a very small radial stress is communicated to the glass fiber. Therefore, the combination of a hard and a soft coating minimizes the radial strain in the core of a fiber and, thus, the ultrasonic phase sensitivity.
In order to achieve this predicted desensitization, singlemode fibers with a soft silicone inner jacket were coated with Ni. Initially, Ni was electroplated directly on the silicone coating. These fibers, however, were found to be mechanically very weak in that any sharp bend could easily crack the Ni coating. In order to avoid this problem, an additional thin coating of polypropylene was introduced between silicone and Ni. The thin polypropylene layer with its intermediate hardness made the fiber structure much stronger without significantly reducing the fiber desensitization. The fiber was a 80-pm OD single-mode fiber, with 216-pm OD silicone and 320-pm OD polypropylene. In order to enhance the bonding of Ni to polypropylene, a very thin layer of Cr was first evaporated on the fiber in vacuum. Then, Ni was electroplated on the fiber. In order to study the thickness dependence of the sensitivity, four fibers were made having Ni thicknesses of 0, 6, 9, and 15 pm. The experimental apparatus used to measure the phase sensitivity is described in [SI. A small straight section of the fiber was submerged into a water tank and it was allowed to interact with the ultrasonic wave.
The curve in Fig. 1 shows the analytically obtained ultrasonic phase sensitivity of the isotropic fiber as a function of Ni thickness. The fiber parameters are listed in Table I . The arrows indicate the sensitivity of the bare (glass) fiber and the nonmetallic (no Ni) fiber. As can be seen from Fig. 1 , as the thickness of Ni increases the fiber sensitivity decreases initially very rapidly and gradually levels off. A reduction in sensitivity by factors of 5 and 22 are predicted for 10 and 100-pm-thick Ni outer jacket, respectively. The circles in Fig. 1 show the experimentally obtained sensitivity for the four Ni coated fibers at 0.2 MHz. As can be seen from Fig. 1 , very good agreement exists between analysis and experiments, and substantial desensitization of the ultrasonic response is demonstrated.
Next, the high frequency response of these fibers is examined. For acoustic wavelengths of the same order or smaller than the fiber diameter, the fiber becomes anisotropic and the ultrasonic wave breaks the near degeneracy of the optical mode propagating in the fiber. In this high frequency regime, anisotropic strains are induced in the fiber parallel and perpendicular to the ultrasonic field (see (1) and (2)), which cause the fiber to become birefringent The ultrasonic response of the Ni coated fibers was measured experimentally for frequencies up to 9 MHz. In Fig. 2 , the solid and the dotted curves show the results of the analysis (Section 11) for the polarization parallel to the acoustic field for the 9-pm-thick Ni coated fiber and the bare fiber, respectively. The responses of the other Ni coated fibers were found to have similar characteristics. Also shown in Fig. 2 is the measured response (circles) which agrees at least qualitatively with the analysis. The slight difference in the position of the resonant peaks predicted by the analysis and found by the experiment could be due to the uncertainty in the elastic parameters of silicone and polypropylene, which control the resonant fre- (see ( 3 ) ) .
quencies. The parameters used in the analysis (Table I ) correspond to silicone G.E. R602 and polypropylene 7823 [4] , which are not exactly the ones used as fiber coatings. As can be seen from Fig. 2 , for frequencies lower than 2 MHz the sensitivity of the Ni coated fiber is substantially lower than that of the bare fiber. At higher frequencies, however, strong resonances appear, dramatically altering the fiber response. The two strong peaks at -4 MHz and at -7 MHz correspond to the whole-wave and half-wave resonances of the transverse and longitudinal waves in the silicone and polypropylene coatings, respectively. The position of these two resonant peaks is proportional to the inverse of the total thickness of the silicone plus polypropylene coatings. As the thickness decreases, the resonant peaks shift to higher frequencies.
The induced birefringence of the Ni coated fibers was also studied for frequencies up to 13 MHz. The overall acoustically induced birefringence was found to be lower in the Ni coated fibers than in the bare fiber. However, the frequency response of the induced birefringence in the Ni-coated fibers consisted of many peaks and valleys, as can be expected from Fig. 2 . Even at relatively low frequencies ( < 2 MHz) where the ultrasonic phase sensitivity of the Ni coated fibers is substantially lower than that of the bare fiber, the induced birefringence is not always lower in the Ni coated fibers than in the bare fiber due to resonances. In order to suppress such resonances and, thus, desensitize the birefringence sensitivity, thicker Ni coatings are required. This can be seen from Fig. 3 where the calculated theoretical curve for the induced birefringence is plotted versus frequency for the bare fiber (upper curve) and for a 100-pm-thick Ni coated fiber. As can be seen from this figure, the induced birefringence is significantly lower in the Ni coated fiber than in the bare fiber for frequencies lower than 2 MHz. IV. CONCLUSIONS The ultrasonic sensitivity of single-mode fibers has been studied by taking into account the exact composition and geometry of multilayer fibers in both the isotropic and anisotropic regimes. In the isotropic regime, significant desensitization of the ultrasonic sensitivity can be achieved with fibers having a soft inner coating, such as silicone, and a hard outer coating, such as Ni. Such fibers have been successfully made by coating a glass fiber having thin coatings of silicone and polypropylene with Ni of different thickness. These fibers were studied experimentally and they were found to be substantially desensitized in the isotropic regime.
In the anisotropic regime, the Ni coated fibers remain significantly desensitized up to moderate frequencies. At higher frequencies, however, resonances due to fiber coatings complicate the response and reduce the fiber desensitization. The desensitized frequency range can be extended to higher frequencies by reducing the thickness of the polymer coatings. In addition to the phase sensitivity, the induced birefringence was measured as a function of frequency in the Ni coated fiber and on the average it was found to be lower in these fibers than in the bare fiber. Various resonances, however, complicate the birefringence response and reduce the fiber desensitization. In order to suppress these resonances, sufficiently thick Ni coatings are required.
